I. INTRODUCTION
The nuclear Hamiltonian
where T ij is the relative kinetic energy operator and V ij the nucleon-nucleon (NN) interaction, is often treated in the nuclear shell model by introducing the one-body harmonic oscillator (HO) Hamiltonian
to classify the many-body states: Slater determinants are formed from the products of these single-particle wave functions. These many-body basis states can be labeled according to the number of oscillator quanta they contain, N sum = A i=1 N i , or, equivalently, the unperturbed energies
where N i is the number of oscillator quanta (2n i + l i ) of the ith single-particle state. Conventionally the labeling is relative to the minimum energy Slater determinant(s), so that the basis states are partitioned into 0hΩ, 1hΩ, 2hΩ, etc., configurations. Early shell model calculations were generally restricted to a single shell, such as the 0p or 1s 0d shells, and thus involved only 0hΩ valence nucleon configurations. An effective interaction is then introduced to account for the effects of excluded configurations, including very high energy excitations associated with the hard core in the NN interaction. The lowest order approximation to this effective interaction is the two-body G matrix, which links two-particle states within the model space by a ladder series for scattering in the excluded space. The resulting interaction V eff (ab; cd) is a function of the valence-shell single particle states c, d and a, b that label the starting and ending states of the ladder, respectively.
In recent years shell model calculations involving two or more major shells have been frequently performed. A full multi-hΩ basis is one that includes all many-body configurations, such that N sum ≤ N max for some N max . For example, a calculation of the positive-parity states in 16 O might include all (0 + 2)hΩ or (0 + 2 + 4)hΩ many-body configurations, relative to the closed core (fully occupied 0s and 0p shells). Because of the importance of the nuclear mean field, such a truncation provides a reasonable starting point for describing the "long-wavelength" properties of nuclei. A (0 + 2 + 4)hΩ calculation (for which N max = 16) of 16 O yields a reasonable description of low-lying excitations, including effects associated with highly deformed excited states [1] .
Such full multi-hΩ bases have other appealing properties. If HO single-particle states are employed, the model space wave functions can be decomposed so that the relative degrees of freedom are separated from a pure oscillator state center-of-mass component. Thus the overcompleteness of the Slater determinants (which depend on 3A coordinates, while intrinsic wave functions depend on 3(A − 1)) can be cured by retaining only those linear combinations which keep the center of mass in the 0s state.
A second property has to do with technical difficulties in evaluating the effective interaction. If, in addition to defining the basis states, H 0 of Eq. (2) plays the role of the unperturbed Hamiltonian, then the unperturbed energies of configurations in the excluded space always exceed those in the model space. In the case of parityconserving (parity-nonconserving) interactions, the minimum gap is 2hΩ (1hΩ). This contrasts sharply with other choices for the model space. For example, a partial 1hΩ calculation of the negative parity states in 12 C in which the valence nucleons are restricted to the 0p and 1s 0d shells leads to intermediate states in the core-polarization process (bubble diagram) with vanishing energy denominators: particle-hole excitations in the excluded space of the form 0p(0s) −1 have the same energy, 1hΩ, as those in the model space. While one might attempt to cure this problem by introducing a spin-orbit interaction in H 0 to break the degeneracy, this tends to produce small energy denominators of somewhat random sign, leading to serious convergence problems. Thus one sees that the gaps characterizing complete multi-hΩ bases are quite attractive. As discussed in Ref. [2] , this nice feature can be perserved order by order in calculations of the full V eff , provided a suitable perturbation scheme for V eff is employed.
Investigators doing large-basis shell model calculations in multi-hΩ spaces have consistently chosen effective twobody interactions of the form V eff (ab; cd), just as in traditional 0hΩ calculations. The appropriate effective interaction [2] in such spaces must carry an additional index N labels the total oscillator quanta of the "spectator" (i.e., non-interacting) nucleons in the many-body states connected by the matrix element V eff (ab; cd). It is given by
where N sum and N sum are the numbers of the total oscillator quanta of the initial and final many-body states, respectively. In the case of traditional 0hΩ calculations, all basis states are characterized by the same N spectators sum , so this additional index is unnecessary. But for multi-hΩ bases, the N spectators sum dependence is essential: if modelspace configurations exist with different unperturbed energies, the gaps and interactions coupling these configurations to the excluded space will differ. The appropriate energy denominators in the G-matrix ladder sum are not given just by the initial and final two-particle labels, but also depend on the energies of the A − 2 "spectator" nucleons.
The omission of the N spectators sum dependence in recently reported large-space shell-model calculations [3, 4] amounts to neglect of certain many-body processes of the same unperturbed energy as some retained manybody processes. While the effects of these neglected many-body processes are expected to decrease in importance as the number of shells included in the model space increases, our investigation here, which retains them through the N spectators sum dependence of the two-body effective interaction, will reveal that these neglected effects are important in present-day calculations.
We shall see in the following calculations that the resulting shifts can be large, amounting to about 5 MeV for diagonal matrix elements. The approximation in presentday multi-shell calculations to neglect the N spectators sum dependence can lead to unattractive consequences. One example is the apparent need for unrealistic single particle energies to reduce the splittings between the 0hΩ and 2hΩ states, as required by experiment.
In this paper we present the results of multi-hΩ shell model calculations for 4 He, 5 He, 6 Li, and 7 Li in which the two-body effective interaction is evaluated with full N spectators sum dependence. As a result, we obtain a lowering of states that are dominated by 1hΩ and 2hΩ configurations, relative to 0hΩ states. This improves the agreement with experiment. The calculation of the G matrix is described in Sec. II. This work is distinguished from our previous studies [3, 4] in another important aspect, namely, the extension of the model spaces for light nuclei to include excitations up to 8hΩ. These calculations are "no core," performed relative to vacuum and, of course, include excitations out of the 0s shell. The results are presented in Sec. III, where a comparison with previous calculations is also made. The dependence of the results on the size of the model space is discussed in Sec. IV, and the consequences of neglecting the N spectators sum dependence of the G matrix explored. Our conclusions are given in Sec. V.
II. MULTI-VALUED G-MATRIX EFFECTIVE INTERACTIONS
Shell model diagonalizations of the Hamiltonian in Eq. (1) are performed within truncated Hilbert spaces containing, hopefully, most of the long-wavelength modes important to describing properties such as nuclear sizes, low-lying excitations and collective modes. The neglected degrees of freedom, e.g., those high-momentum interactions arising from NN interactions at short distances, must be incorporated into the calculation through effective interactions (and effective operators). While in principle an effective interaction exists that will reproduce exact eigenvalues in a model space calculation, in practice it can only be evaluated approximately.
The shell model Hamiltonian we diagonalize is
where
with
. The last term in Eq. (5) is included in order to project out spurious center-of-mass motion: inclusion of this term with a large value of λ produces low-lying excitations with the center-of-mass in the 0s state. For this procedure to work properly, the model space must be exactly separable, as is the case for complete multi-hΩ bases.
The bare Coulomb interaction V Coulomb is diagonalized only within the model space. For the strong potential, the effective interaction evaluated at the two-body level has the familiar Bruckner G-matrix [5] form, but with an important difference in the definition of the Pauli exclusion operator Q,
where E 0 is the energy of the initial two-body state (i.e., the starting energy), V 12 is the bare NN potential, signifies the role of the full model space many-body configuration in controlling the intermediate two-particle states available for scattering. In a shell model calculation whose model space includes all many-body states with N sum ≤ N max , the allowed intermediate states for the two particles, "1" and "2", scattered byṼ 12 , are specified by:
which corresponds to the following Pauli operator:
In Fig.1 , we depict the various spectator-dependent Pauli operators appropriate for a full 6hΩ calculation of 6 Li (N max = 8).
The fact that we introduce a spectator dependence to the G-matrix raises interesting possibilities for identifying specific Pauli-violating processes. Some two-particle scattering states in the excluded space will place a nucleon in a single-particle state that may be occupied by a spectator nucleon in a given model space wavefunction. One might avoid these Pauli violating processes in a full multi-hΩ calculation by labeling Q with the full set of quantum numbers on which G operates. This, of course, is impractical. However, for the specific case of these light nuclei and for N spectators sum = 0, we can easily eliminate the Pauli violating processes involving the 0s nucleons by including the "wings" as depicted in Fig. 1 . However, we have found that the presence or absence of the wings in the case N spectators sum = 0 results in minor differences in our results due to the large size of the model spaces.
To provide the reader with some measure of the size of the effects associated with N spectators sum , we give in Table  I the matrix elements (0s 1/2 0s 1/2 )|V eff |(0s 1/2 0s 1/2 ) , (0s 1/2 0p 3/2 )|V eff |(0s 1/2 0p 3/2 ) , a n d (0p 3/2 0p 3/2 )|V eff |(0p 3/2 0p 3/2 ) , that we evaluated for a full 6hΩ calculation of the positive-parity states in 6 Li (which we will discuss in Sec. III C). In this calculation, N max = 8 and N sum can take on four values (2, 4, 6, 8) . The Table shows that the values of these diagonal matrix elements can shift by up to 3.3 MeV when N spectators sum dependence is properly treated.
This "multi-valuedness" is a bookkeeping complication in shell model studies. However, its inclusion builds in essential physics previously missing from multi-hΩ calculations. Model-space states of higher unperturbed energy are now more strongly repelled downwards by effects of states in the excluded space which are included in G for the first time. For example, in a (0+2+4)hΩ calculation of 16 O, the contribution to G that is second order inṼ 12 contributes to shifts in the position of the 0hΩ configuration only because of potential matrix elements with an unperturbed energy denominator of 6hΩ or larger. However, the 4hΩ configurations are shifted by matrix elements with an energy denominator of 2hΩ or larger. The larger shifts result from a more complete inclusion of intermediate two-particle states scattering via a spectator dependent definition of Q, which reduces the size of the Q=0 region as N spectators sum increases. Since G for a larger Q=0 region is less "attractive", numerically, we find that states that are predominantly of 1hΩ and 2hΩ character, which were obtained at energies a few MeV too high in Ref. [4] , are now lowered relative to states that are predominantly 0hΩ in character.
The intent of the present study is to illustrate the effects attributable to the multivaluedness of G. We therefore follow the treatment in Ref. [4] in other respects, which includes two approximations in the evaluation of Eq. (7). The first is the substitution of V forṼ = V − U . This considerably improves the convergence of the numerical procedures we employ in evaluating G, since the growth of the HO U (r) at large r is troublesome. Earlier studies [6] have shown that neglecting U in terms second order or higher in V induces errors in calculated binding energies of a few hundred keV; these errors decrease as the size of the model space increases.
The second is the replacement of the "starting energy" E 0 in the ladder sum of Eq. (7) by
where ( c + d ) is the unperturbed energy of the initial two-body state and ∆ is a parameter whose value is adjusted to yield a reasonable binding energy. This substitution was introduced and explained in Ref. [4] : it is a phenomenological correction for the omission of folded diagrams and higher-order contributions to the effective interaction, those beyond G that involve the multiple scattering of clusters of three or more nucleons. As some of these omitted corrections will shift starting energies from their unperturbed values towards the true eigenvalues, it is not surprising that a phenomenological shift ∆ is necessary to reproduce experimental binding energies when a two-body G matrix is used. However, energy differences are relatively insensitive to the choice of ∆. Such a state-dependent choice for the starting energy leads to a non-Hermitian G matrix. But the non-Hermiticity is found to be small and we obtain a Hermitian effective interaction by symmetrizing the G matrix:
We employ the method of Barrett et al. [7] to calculate the G matrices. For the bare NN interaction V 12 in Eq. (7), we use the non-relativistic version of the new Nijmegen potential (NijmII) [8] . The HO basis parameter hΩ is fixed at 14 MeV. Calculations for a different choice ofhΩ are performed for selected cases for the purpose of comparison.
III. RESULTS AND DISCUSSION
The shell-model calculations are performed for 4 He, 5 He, 6 Li, and 7 Li in large, no-core, model spaces using the Many-Fermion-Dynamics Shell-Model code [9] . We properly evaluate the G matrix for full multi-hΩ spaces, resulting in a multi-valued two-body effective interaction. The calculated results are presented in Tables I to IV which we discuss below.
A.
4 He
For the positive-parity states in 4 He, we use a 9-majorshell model space which allows us to include all configurations with
For the negative-parity states, we use a 8-major-shell space and include all configurations with N sum ≤ N max = 7. The lowest configuration in this nucleus is (0s) 4 , which has N sum = 0, so we are doing a full 8hΩ (7hΩ) calculation for the positive-parity (negativeparity) states. The calculations involve (N max + 1) G matrices, corresponding to (N max + 1) possible values of N spectators sum (from 0 to N max ). The parameter ∆ in the starting energy is chosen to be -55 MeV, which yields a reasonable binding energy of 26.3 MeV. (It should be pointed out that due to the large size of the model space, the G matrix elements are a very smooth function of ∆. The binding energy of 4 He increases by less than 1 MeV when ∆ is increased by 10 MeV from -60 MeV to -50 MeV. See Ref. [4] for a discussion of the sensitivity of the results to ∆.) The calculated results are given in Table II and plotted in Fig.2 along with the experimental data, taken from a recent compilation of Tilley et al. [10] and Ref. [11] .
As can be seen from Table II and Fig.2 , very good agreement with experiment is obtained for the energy spectrum. In particular, the experimental low-lying negative-parity ("1hΩ") states are reproduced to within 1.2 MeV with a correct level sequence. The first excited 0 + (predominantly "2hΩ") state is obtained at an excitation energy of 21.8 MeV, only 1.6 MeV higher than experiment.
The importance of the high-energy configurations can be seen by examining the wave functions. In terms of major-shell configurations, the calculated g.s. wave function can be expressed as [0
while for the first excited state, we obtain [0
As can be expected, the 0 + 1 state is dominated by the 0hΩ configuration and the 0 + 2 state is dominated by the 2hΩ configuration. However, we see from the above "wave functions" that |0 states using a HO basis withhΩ = 14MeV, one needs to perform a 4hΩ calculation and a 6hΩ calculation, respectively. The requirement of a large HO space for convergence of wave functions dominated by 1hΩ and 2hΩ components has been established by Ceuleneer et al. in Ref. [12] where a 10hΩ calculation was performed for 4 He using a modified Sussex [13] interaction. Because the HO potential is too confining at large distances, high-lying configurations are required to properly describe the shape of the nuclear surface. Alternatively, one may address these same physics issues within the effective Hamiltonian formalism in a HO space by evaluating the contributions of effective many-body interactions.
The weights of the different major-shell configurations listed in Eq. (12) and Eq. (13) depend on the choice of single-particle basis: they would change if we were to adopt a Hartree-Fock basis or, even, retain HO wave functions but change the value of the oscillator parameter. One procedure for removing this arbitrariness, for a given model space, would be to diagonalize the ground state one-body density matrix, then transform to a new basis given by the eigenvectors. The naive "closed shell" would then be defined by the largest eigenvalues. We will discuss these issues further in Sec. IV.
The major differences in the spectra resulting from the present work and Refs. [3, 4] appear in the lowering of the excited states due to increased admixtures of higher lying configurations for the reasons mentioned above. For example, the 0 + 2 state is lowered by 11.9 MeV from its excitation energy in Ref. [3] and by 4.3 MeV from its excitation energy in Ref. [4] . On the other hand, the 0 − 1 state is lowered by only 0.8 MeV and 1.3 MeV relative to its excitation energy in Ref. [3] and Ref. [4] , respectively.
Since there are a number of differences between the present work and our previous efforts, we will discuss in Sec. IV the dependence of our results on model space size alone with all other ingredients in the calculations held fixed.
B.
5 He
Throughout this work, the unperturbed energy of a configuration is measured with respect to that of the lowest configuration (of either parity). For 5 He, the lowest (0hΩ) configuration is (0s) 4 (0p) 1 with N sum = 1. We do a full 6hΩ calculation (N max = 7) for the negative-parity states and a full 7hΩ calculation (N max = 8) for the positive-parity states. The parameter ∆ in the starting energy is taken to be -45 MeV for this and other 0p-shell nuclei considered in this work. The results are shown in Table III [17] in a (0 + 1)hΩ shell-model calculation using a phenomenological interaction (obtained by fitting selected nuclear properties) and were later supported by other shell-model calculations using different phenomenological interactions [18] . These states are expected to be broad and cannot be easily identified experimentally. However, they can be seen in an R-matrix analysis of the nucleonalpha phase shifts with a channel radius of a ∼ 5 fm [18] , but not with a smaller a of about 3 fm commonly used before. A large channel radius of 5.5 ± 1.0 fm has been determined from the stripping and pickup reaction data [15] .
These low-lying positive-parity states were obtained at higher energies in our previous 3hΩ (i.e., N max = 4) single-G calculation [4] . This can be explained by noting that the calculated wave functions of these states contain significant higher-shell configurations. For example, for the 1/2 + state, we obtain
The calculated wave functions also show that these states can be roughly described as systems with one neutron moving in an s or d (not necessarily 1s or 0d) orbitals outside a 4 He core. The point made by Eq. (14) and the associated discussion may appear provocative. If we try to interpret all our states as predictions for the locations of resonances, this would indicate the near absence of a shell gap in 5 He. However, we should always keep in mind that 5 He is unbound with respect to neutron emission and that all the states of 5 He are experimentally above breakup threshold (i.e. in the continuum). Thus, as we systematically expand our model space we would expect our calculated results to approach a continuous spectrum, though presumably the convergence might be quite slow due to the use of confined HO wave functions in the shell model expansion. By analyzing transition strength functions we would be able to isolate those states which are truly predicted resonances from the background of continuum states. However, at the present time, our model space is too limited to be able to carry out such an analysis. Nevertheless, we expect that states which are experimentally narrow will be reproduced by our theoretical framework.
The calculated 3/2 + state at 19.06 MeV is dominated by the configuration (0s) 3 (0p) 2 , which is basically the ground state of 6 Li with a proton removed from the 0s orbital. It can therefore be identified as the 16.75 MeV state observed experimentally in nucleon knock-out reactions with a 6 Li target [19] .
The lowest "2hΩ" state is calculated at a surprisingly low excitation energy of 12.01 MeV with (J π , T) = (3/2 − , 1/2). This state was obtained at a much higher energy of 21.5 MeV in a 4hΩ (i.e., N max = 5) single-G calculation [4] . The dramatic decrease of the excitation energy is due, again, to the importance of 6hΩ admixtures, as can be seen from the following decomposition:
The fact that the above wave function contains a large 6hΩ component implies that the energy of this state, now at 12.01 MeV, is likely to be further decreased if one is able to do an even larger calculation to include the 8hΩ (N max = 9) configuration. The second lowest "2hΩ" state is obtained at 15.21 MeV with (J π , T) = (1/2 − , 1/2). These two "2hΩ" states were also obtained by Wolters et al. [20] in a (0 + 2)hΩ calculation using an phenomenological effective interaction, but at an even lower energy of about 9 MeV (see, however, Ref. [21] for a comment on this work).
C.
6 Li
For this nucleus, we perform a full 6hΩ calculation (N max = 8) for the positive-parity states and a full 5hΩ calculation (N max = 7) for the negative-parity states. The results are shown in Table IV [3, 4] . The excitation energies for the first and the second excited states are closer to experiment than those obtained in the GFMC calculations [16] . In particular, the member of the 0 + isospin triplet state is obtained at an excitation energy of 3.79 MeV, close to the experimental value of 3.56 MeV. This state is of some interest for the study of the isospin and parity violations [23] .
The lowest "2hΩ" state that we obtain has J π = 1 + , T = 0 and an excitation energy of 14.72 MeV. It has the configuration of 2%|0hΩ + 56%|2hΩ + 22%|4hΩ + 19%|6hΩ . We identify the second lowest "2hΩ" state at 16 .08 MeV as the experimental 15.8 MeV state [24] since it has J π = 3 + . This state has very little overlap with 0hΩ configurations; its wave function can be expressed as 58%|2hΩ + 21%|4hΩ + 21%|6hΩ .
Below these "2hΩ" states we obtain five negativeparity "1hΩ" states with excitation energies of 10.9 to 14.2 MeV. One should not be surprised if the experimental energies of these "1hΩ" states turn out to be somewhat lower than the values listed in Table IV , obtained in a 5hΩ (N max = 7) calculation. We have seen in the cases of 4 He and 5 He that the excitation energies of the "1hΩ" states are lowered by 1 to 3 MeV as we go from a 5hΩ space to a 7hΩ space. However we are not able to perform a 7hΩ (N max = 9) calculation for the negativeparity states in 6 Li at the present time. A 6hΩ calculation for 6 Li was also attempted by Bevelacqua [25] who used a modified Sussex interaction [13] . In that work, all experimentally known states were quite well reproduced. But several "0hΩ" and "1hΩ" states that we obtain here were not given in [25] . Some of these states, however, were obtained by van Hees et al. [26] in a (0 + 1)hΩ calculation using a phenomenological interaction. For example, they obtained a 2 − state at an energy of about 9 MeV, lower than our 2 − state at 10.86 MeV.
The g.s. magnetic dipole moment is calculated to be 0.840 µ N , slightly larger than the experimental value of 0.822 µ N . The g.s. quadrupole moment is calculated to be −0.067 e fm 2 , very close to the experimental value of −0.082 e fm 2 . These results are obtained by using bare electromagnetic operators. In principle, these electromagnetic operators should also be renormalized in a way consistent with how the effective interaction is derived from the bare NN potential. This is particularly important when the model space is small. While we hope that our model spaces are large enough to permit the use of bare operators, we are aware that this assumption ought to be verified by explicit calculations of effective operators.
D.
7 Li
The negative-parity states are calculated in a full 4hΩ space (N max = 7) and the positive-parity states in a full 5hΩ space (N max = 8). The results are given in Table  V (see also Fig.5 ). The theoretical spectrum appears expanded relative to experiment, perhaps indicating that, for the model spaces we can handle, that the two-body G matrix is not an adequate approximation to V eff . However, the energy of the first excited state (1/2 − ) agrees very well with experiment (0.46 MeV vs 0.48 MeV). We had previously experienced some difficulty with this state in single-G calculations using smaller spaces [3] , finding excitation energies that were too low. The inclusion of high-lying unperturbed configurations is important for reproducing this state at the experimental energy. In a 0hΩ calculation, the excitation energy of this state is only 0.195 MeV. When 2hΩ configurations are included, the result increases to 0.498 MeV, which becomes 0.463 MeV when 4hΩ configurations are taken into account.
The lowest positive-parity state we obtain has J π = 1/2 + and T = 1/2 and an excitation energy of 15.264 MeV. This state is dominated by the configurations (0s) 3 (0p) 4 (about 50%) (0s) 2 (0p) 4 (1s) 1 (12%), and (0s) 4 (0p) 2 (1s) 1 (10%). The other 28% is distributed over many configurations.
For the g.s. electric quadrupole moment Q, we obtain −2.37 e fm 2 , much smaller in magnitude than the experimental value of −4.06 e fm 2 . We notice that the calculated quadrupole moment increases in magnitude with the size of the model space. The results for Q from the 0hΩ, 2hΩ, and 4hΩ calculations are −1.67, −2.16 and −2.37 e fm 2 , respectively. Presumably still larger model spaces are needed to generate the degree of deformation indicated by the quadrupole moment. However, we are currently unable to go beyond 4hΩ for this nucleus. One may notice from Table V that the calculated rms point charge radius is also too small (2.06 fm versus 2.29 fm from experiment), indicating the calculated wave function is probably confined to too small a region by the limited size of the model space. We have repeated the 4hΩ calculation forhΩ = 11 MeV. The results are also listed in Table V . Although the rms radius for this choice ofhΩ agrees quite well with experiment, the result on the quadrupole moment Q (−2.67 efm 2 ), though improved somewhat, is still too small. Therefore changing the model space through adjustments in the basis parameterhΩ alone is not sufficient, given our use of the bare operator; one has to introduce higher configurations to realistically describe this deformed nucleus.
IV. DEPENDENCE ON THE SIZE OF THE MODEL SPACE
In this section we examine the differences arising from the use of a multi-valued G matrix, rather than a conventional single-valued effective interaction. These differences are expected to diminish as the model space is increased because the increasing energy denominators in Eq. (7) suppress effects higher order inṼ . In Table VI , the calculated energy and root-mean-square (rms) proton point radius of the ground state and the excitation energy of the first excited state in 4 He are given for four different model spaces (N max = 2, 4, 6 and 8) and two choices of hΩ (14 and 20 MeV). As expected (see also Fig.6 ), the differences between the excitation energies obtained in the conventional and multi-valued G-matrix calculations diminish as the model spaces increase. Similarly, the choice ofhΩ becomes less important in the larger model spaces. Note in particular that the calculated g.s. rms radius is about the same (∼ 1.49 fm) in the 8hΩ, multivalued G calculations for the two values ofhΩ, indicating good convergence for this quantity.
It is clear from Table VI that the increased size of the model space and the use of an appropriate (multivalued) G matrix both contribute to the improved results for the 0 
As mentioned in Sec. III A, the relative importance of different major-shell configurations depends on the choice ofhΩ. ForhΩ = 14 MeV, the configurations of the 0 
A comparison of the g.s. configurations in Eqs. (12) and (16) for the two values ofhΩ shows thathΩ = 20 MeV may be a more reasonable choice for the ground state, since the g.s. can be better approximated as a 0hΩ state. However, from Eqs. (13) and (17), we can see that the wave function of the first excited state has stronger 6hΩ and 8hΩ components (which means slower convergence with respect to the size of the model space) forhΩ = 20 MeV than forhΩ = 14 MeV. This is not surprising, as the 0
He is loosely bound and has a much larger radius than the 0 + 1 state. Since it is generally much more difficult to obtain a converged result for the 0 
V. CONCLUSION
In a multi-hΩ model space the two-body G matrix is dependent on the unperturbed energy of the other A-2 nucleons. We have used such a multi-valued G matrix in large, no-core, shell-model calculations for light nuclei. When compared to conventional calculations, proper treatment of the N spectators sum dependence of the G matrix tends to lower the energies of the "1hΩ" and "2hΩ" excited states more than the "0hΩ" states, bringing energies into better agreement with experiment.
Applying this approach to large, no-core, shell-model calculations, we have achieved a reasonable description of the "low-lying" states (including "1hΩ" and "2hΩ" states) in light nuclei. With model spaces consisting of as many as nine HO major shells, the experimentally known states in 4 He, 5 He, 6 Li, and 7 Li have been reproduced. Very good agreement with experiment has been obtained for the excited states in 4 He, the "singleparticle" 3/2 − − 1/2 − splitting in 5 He and in 7 Li, and the low-lying spectrum of 6 7 Li is too small in magnitude when compared with experiment. We attribute this disagreement to the relatively small size (4hΩ) of the model space that is used for this nucleus; it may be that the bare quadrupole operator is not appropriate for this space.
By using large, no-core model spaces, we have eliminated adjustable s.p. energies usually involved with shellmodel calculations using effective interactions. However, it should be emphasized that in calculating the G matrices, we have used an empirical prescription for the starting energy, which involves a parameter ∆. This parameter is adjusted to yield a reasonable binding energy. For this reason, our calculated binding energies should not be confused as exact results, which can only be obtained through a parameter-free approach. Recent GFMC calculations of Pudliner et al. [16] serve as a major step in this direction. Nevertheless, we believe that once this parameter is adjusted to reproduce the binding energy, other nuclear properties can then be predicted.
There are important improvements that could be incorporated into future calculations of the type reported here. Our use of very large model spaces was motivated by the hope that bare operators and effective interactions approximated by a two-body G matrix might be successful in such spaces. But presumably the need for large values of ∆ is connected with the omission of the folded diagrams and neglected interactions of three-body and higher clusters in the excluded space. As there are prospects for improving these aspects of the calculations [2] , we consider the present effort a first step toward the ultimate goal of accurate shell model calculations based on realistic NN interactions.
If one were able to generate the exact V eff , energy eigenvalues should not depend on the choice of the model space. Thus perhaps the most important result from this initial exploration of multi-valued G matrices is that some improvement was achieved in the rate of convergence of energy eigenvalues, as a function of the complexity of the model space (see, for example, Fig.6 ). We would argue that the degree to which our results can be further improved is an open question: clearly we have the capacity to put substantial new physics into calculations of V eff and to generate the corresponding effective operators. valued G (m-G) and single-G (s-G) calculations in different model spaces with two choices ofhΩ (14 and 20 MeV) . The difference between the s-G and m-G results is also given. Figure 1 An illustration of the Q operator appropriate for a full 6hΩ calculation of 6 Li. The regions interior to the lines are the Q=0 regions defined in Eq. (9) . The lines correspond to the possible values of N spectators sum , which range from 0 to N max . The contour for N spectators sum = 0 is given as a solid line. The wings result from the fact that the spectator nucleons are in a unique configuration (closed 0s shell), in this case, forbidding scattering into the 0s shell. The wings make a negligible contribution numerically and can be ignored. The contours for other values of N spectators sum are denoted by dashed lines. Note that a single-valued G matrix would employ a single contour and thus neglect much of the physics governing V eff in a multi-hΩ space. The calculated and experimental low-lying energy spectrum of 4 He. The calculated and experimental low-lying energy spectrum of 5 He. The first excited state (1/2 − ) is very broad; its experimental excitation energy is not well defined. Refs. [17, 18] also predict a low-lying 1/2 + state at 5-7 MeV and 3/2 + and 5/2 + states at 12-14 MeV. We obtain a few "2hΩ" (relative to the g. The calculated and experimental low-lying energy spectrum of 6 Li. The calculated and experimental low-lying energy spectrum of 7 Li. All the states shown in this figure have an isospin T = 1/2 except for the 3/2 − state at 12.96 MeV which has T = 3/2. 
